Background
==========

Parkinson disease is among the most common neurodegenerative diseases \[[@b1-medscimonitbasicres-24-120]\]. It is caused by substantial depletion in dopamine due to the degeneration of dopaminergic neurons in the substantia nigra pars compacta \[[@b2-medscimonitbasicres-24-120]\]. Parkinson disease is characterized by motor and non-motor symptoms \[[@b3-medscimonitbasicres-24-120]--[@b5-medscimonitbasicres-24-120]\]. Motor symptoms include at-rest tremor, bradykinesia, and akinesia \[[@b6-medscimonitbasicres-24-120],[@b7-medscimonitbasicres-24-120]\] and non-motor symptoms include cardiovascular dysfunction \[[@b8-medscimonitbasicres-24-120],[@b9-medscimonitbasicres-24-120]\].

MPTP is a neurotoxin that crosses the blood-brain barrier to enter the CNS \[[@b10-medscimonitbasicres-24-120]\], where it is metabolized into the active metabolite 1-methyl-4-phenylpyridinium (MPP+), which selectively kills and destroys the dopaminergic neurons only causing PD induction \[[@b10-medscimonitbasicres-24-120]\]. An *in vitro* study has shown downregulation of the major isoform of parkin (PARK2) following treatment with MPP+ \[[@b11-medscimonitbasicres-24-120]\]. Parkin mutations are the most common cause of the autosomal recessive juvenile-onset form of PD, and they are involved in other pathological conditions, such as glioblastoma multiforme \[[@b12-medscimonitbasicres-24-120]\]. Parkin isoforms are expressed in human gliomas and have consequently been proposed as specific markers of malignancy and potential tools for diagnosing brain tumors \[[@b13-medscimonitbasicres-24-120]\].

Apoptosis is a programmed cell death that is involved in the pathogenesis of PD, causing the loss of dopaminergic neurons \[[@b14-medscimonitbasicres-24-120],[@b15-medscimonitbasicres-24-120]\]. Apoptosis is mediated by the tumor suppressor protein p53 \[[@b16-medscimonitbasicres-24-120]\]. P53 causes the activation of caspases, which constitute a family of cysteine proteases \[[@b17-medscimonitbasicres-24-120]\]. Although caspases are synthesized in the cell as inactive zymogens, they are cleaved and consequently activated in response to apoptotic stimuli \[[@b18-medscimonitbasicres-24-120],[@b19-medscimonitbasicres-24-120]\]. Initiator caspases, activated by the apoptotic stimuli, cleave and subsequently activate executioner caspases, which in turn cleave the various cellular substrates, resulting in the morphological characteristics of apoptosis \[[@b18-medscimonitbasicres-24-120]--[@b20-medscimonitbasicres-24-120]\].

The apoptotic mediators p53 and active caspase-3 are overexpressed in PD brains, proposing the implication of apoptosis in PD \[[@b21-medscimonitbasicres-24-120],[@b22-medscimonitbasicres-24-120]\]. Increased levels of p53 and active caspase-3 have been illustrated in different cardiovascular diseases, including myocardial infarction, heart failure, and various types of cardiomyopathy \[[@b23-medscimonitbasicres-24-120],[@b24-medscimonitbasicres-24-120]\]. Furthermore, apoptosis has been proposed to contribute to cardiomyocyte loss in cardiac pathologies, including sinoaortic denervation \[[@b25-medscimonitbasicres-24-120],[@b26-medscimonitbasicres-24-120]\]. Hence, we hypothesized that p53 and active caspase-3 are involved in the pathogenesis of the cardiovascular dysfunction frequently seen in PD. We used immunohistochemistry and light microscopy to investigate any alterations in the cardiac expression of p53 and active caspase-3 subsequent to inducing PD by MPTP/p.

Material and Methods
====================

Animals
-------

Individual cages with standard chow and water were used to house 20 normal albino mice at 22±1°C and 12-h dark/light cycle. The mice were separated into 2 equal groups: control and PD. Animal-related protocols were carried out according to the recommendations of the Institutional Animal Care and Use Committee at Jordan University of Science and Technology. A previously described protocol was used to induce chronic Parkinson disease in the mice \[[@b27-medscimonitbasicres-24-120],[@b28-medscimonitbasicres-24-120]\]. In summary, intraperitoneal doses of 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine hydrochloride (25 mg/kg) and subcutaneous doses of probenecid (250 mg/kg) were administered in PD mice every 3.5 days for 5 weeks. Simultaneous intraperitoneal saline (25 mg/kg) injections were administered in control mice. Using cervical dislocation, the mice were sacrificed 4 weeks after MPTP/p treatment, when considerable striatal dopamine depletion and cardiac autonomic dysfunction, characterizing PD, have been shown to have occurred \[[@b27-medscimonitbasicres-24-120],[@b29-medscimonitbasicres-24-120]\].

Immunohistochemistry of β-adrenergic receptor, P53 and active caspase-3 in the cardiac tissue
---------------------------------------------------------------------------------------------

Animals were sacrificed and their dissected hearts were fixed in 4% paraformaldehyde. Subsequently, the tissue specimens were processed and embedded in paraffin. Then, serial longitudinal 4-μm--thick paraffin-embedded sections were cut. The sections were processed via immunohistochemistry according to previously described protocols \[[@b28-medscimonitbasicres-24-120],[@b30-medscimonitbasicres-24-120]--[@b36-medscimonitbasicres-24-120]\]. To summarize, the sections were firstly deparaffinized and rehydrated. Then, antigen retrieval was performed. After that, the sections were incubated in 3% hydrogen peroxidase in methanol and subsequently washed using phosphate-buffered saline (PBS). Next, some of the sections were incubated with anti-β-adrenergic receptor antibody (Cat \#: ab3442, Abcam, Cambridge, MA, USA) and other sections were incubated with anti-p53 antibody (Cat \#: sc-6243, Santa Cruz Biotechnology, Santa Cruz, CA, USA); the rest of the sections were incubated with anti-active caspase-3 antibody (Cat \#: ab13847, Abcam, Cambridge, MA, USA) using the dilutions suggested by the manufacturer. Following that, the sections were rinsed in PBS before and after incubating them with biotinylated secondary antibody (LSAB kit, Dako Carpinteria, CA, USA). After that, streptavidin HRP (LSAB kit, Dako, Carpinteria, CA, USA) was used to incubate the sections, which were subsequently rinsed with PBS. Next, sections were incubated in 3′-Diaminobenzidine (0.05% DAB) until the desired intensity was visualized. Subsequently, the reaction was stopped under tap water. After that, hematoxylin was used to stain all the sections, which were then observed under the light microscope. Primary antibodies were omitted from the processing of the negative control slides. Sections of PD gastrocnemius skeletal muscle were processed as a positive control for p53 and active caspase-3.

Data collection and analysis
----------------------------

Data were collected as described previously \[[@b28-medscimonitbasicres-24-120],[@b30-medscimonitbasicres-24-120]--[@b36-medscimonitbasicres-24-120]\]. Briefly, 10 sections from each animal in each group were tested microscopically and photographed using a digital camera. Ten randomly selected regions from each slice were evaluated for β-adrenergic receptor, p53, and active caspase-3 expression in the heart. Using Adobe Photoshop software, the entire pixels area occupied by positive staining was counted in each region and calculated as a proportion of the entire pixels region ([Figures 1B, 1D](#f1-medscimonitbasicres-24-120){ref-type="fig"}, [2C](#f2-medscimonitbasicres-24-120){ref-type="fig"}, [3C](#f3-medscimonitbasicres-24-120){ref-type="fig"}). After that, the mean of the pixels region of positive staining relative to the entire pixels region was computed for every mouse in every group.

Statistical analysis
--------------------

The averages of the expression of β-adrenergic receptor, p53, and active caspase-3 in the heart for each animal in each group were calculated. Then, the independent-samples *t* test was performed to compare the expression of β-adrenergic receptor, p53, and active caspase-3 between PD hearts and control hearts (n=10 animals per group, 10 sections per animal) by SPSS software version 19.0, (SPSS Inc., USA). Differences in the expression of β-adrenergic receptor, P53, and active caspase-3 were regarded as statistically significant at p value \<0.05.

Results
=======

Immunohistochemistry showed highly abundant β-adrenergic receptor immunostaining in the heart sections from control mice ([Figure 1A](#f1-medscimonitbasicres-24-120){ref-type="fig"}) but relatively weak immunostaining of β-adrenergic receptor was detected in heart sections from PD mice ([Figure 1C](#f1-medscimonitbasicres-24-120){ref-type="fig"}). β-adrenergic receptor expression was significantly (p\<0.01) reduced in the hearts following inducing PD by MPTP/p treatment ([Figure 1E](#f1-medscimonitbasicres-24-120){ref-type="fig"}).

Immunohistochemistry revealed weak p53 immunostaining in heart sections from control mice ([Figure 2A](#f2-medscimonitbasicres-24-120){ref-type="fig"}). In contrast, p53 immunostaining was very conspicuous in heart sections from PD mice ([Figure 2B](#f2-medscimonitbasicres-24-120){ref-type="fig"}). p53 expression was significantly (p\<0.01) upregulated in the hearts subsequent to inducing PD by MPTP/p ([Figure 2D](#f2-medscimonitbasicres-24-120){ref-type="fig"}).

Active caspase-3 immunoreactivity was weak in the control hearts ([Figure 3A](#f3-medscimonitbasicres-24-120){ref-type="fig"}). In comparison, active caspase-3 immunostaining was very abundant in heart sections from PD mice ([Figure 3B](#f3-medscimonitbasicres-24-120){ref-type="fig"}). The expression of active caspase-3 was statistically significantly (p\<0.01) elevated following PD induction ([Figure 3D](#f3-medscimonitbasicres-24-120){ref-type="fig"}).

Discussion
==========

Our study is the first to show the effect of inducing PD on the expression of apoptotic mediators -- p53 and active caspase-3 -- in the heart. We showed p53 and active caspase-3 overexpression in the cardiac muscle after inducing PD by MPTP/p.

Chronic parkinsonism has been demonstrated to be induced in mice by treating them with MPTP/p \[[@b27-medscimonitbasicres-24-120],[@b37-medscimonitbasicres-24-120]\]. Significant dopamine depletion and concomitant dopaminergic neuronal loss, which are characteristic of PD, have been reported 3 weeks after MPTP/p treatment \[[@b29-medscimonitbasicres-24-120]\]. Cardiovascular autonomic dysfunction is a PD symptom that has been reported in mouse models of PD \[[@b38-medscimonitbasicres-24-120]\]. Cardiac dysfunction and depressed cardiac contractility have been reported in mice treated with MPTP \[[@b38-medscimonitbasicres-24-120],[@b39-medscimonitbasicres-24-120]\]. Additionally, β-adrenergic receptor expression in myocardial membranes, as well as response to norepinephrine in myocytes, was reduced in MPTP-treated mice \[[@b39-medscimonitbasicres-24-120]\]. Consistent with the above evidence, our results revealed significant reduction in β-adrenergic receptor expression in the hearts of PD mice compared with control mice ([Figure 1](#f1-medscimonitbasicres-24-120){ref-type="fig"}). Hence, we assessed the expression of p53 and active caspase-3 as a potential mechanism promoting cardiac dysfunction observed in PD at 4 weeks after MPTP/p treatment.

P53 is expressed at low levels in adult non-stressed tissues due to its rapid turnover \[[@b40-medscimonitbasicres-24-120],[@b41-medscimonitbasicres-24-120]\]. This is in line with our results revealing weak p53 in the control hearts ([Figure 2A](#f2-medscimonitbasicres-24-120){ref-type="fig"}). Apoptosis has been shown to be involved in the degeneration of the dopaminergic neurons causing PD \[[@b42-medscimonitbasicres-24-120]\]. In addition, increased p53 has been shown in the PD-diseased brain, mediating apoptosis \[[@b43-medscimonitbasicres-24-120]--[@b49-medscimonitbasicres-24-120]\]. Additionally, increased p53 has been reported in denervated skeletal muscle and in many cardiovascular diseases, such as heart failure \[[@b50-medscimonitbasicres-24-120],[@b51-medscimonitbasicres-24-120]\]. P53 is involved in the development of end-stage cardiac disease, also known as heart failure, which results from various cardiovascular diseases \[[@b51-medscimonitbasicres-24-120]\]. Thus, our results ([Figure 2B, 2D](#f2-medscimonitbasicres-24-120){ref-type="fig"}) revealing p53 overexpression in the heart subsequent to PD induction are in line with these previous reports \[[@b47-medscimonitbasicres-24-120]--[@b49-medscimonitbasicres-24-120],[@b51-medscimonitbasicres-24-120],[@b52-medscimonitbasicres-24-120]\].

The present findings are the first to illustrate alterations in p53 expression in cardiac tissue following PD induction. P53 has been demonstrated to stimulate proteolysis and consequent activation of caspase-3, leading to apoptosis \[[@b53-medscimonitbasicres-24-120]--[@b59-medscimonitbasicres-24-120]\]. Hence, we sought to examine the changes in active caspase-3 expression subsequent to inducing PD. Very low levels of active caspase-3 are reported in normal hearts \[[@b60-medscimonitbasicres-24-120]\]. This supports our result of weak active caspase-3 immunoreactivity in the control hearts ([Figure 3A](#f3-medscimonitbasicres-24-120){ref-type="fig"}). Active caspase-3 has been reported to be involved in the pathogenesis of many heart diseases, including myocardial infarction, cardiac dysfunction, and heart failure \[[@b61-medscimonitbasicres-24-120]--[@b63-medscimonitbasicres-24-120]\]. Caspase activation has been shown to play an important role in myocardial cell dysfunction \[[@b64-medscimonitbasicres-24-120],[@b65-medscimonitbasicres-24-120]\]. Consistent with this, our results ([Figure 3B, 3D](#f3-medscimonitbasicres-24-120){ref-type="fig"}) revealed elevated levels of active caspase-3 in the cardiac tissue subsequent to inducing PD.

P53 and active caspase-3 overexpression has been proposed to mediate apoptosis, contributing to neuronal loss in the substantia nigra pars compacta, resulting in PD \[[@b66-medscimonitbasicres-24-120]\]. Apoptosis has been shown to be involved in the pathogenesis of many pathological conditions \[[@b67-medscimonitbasicres-24-120]--[@b71-medscimonitbasicres-24-120]\]. For instance, apoptosis of chondrocytes has been shown to cause degenerative processes in articular cartilage osteoarthritis \[[@b67-medscimonitbasicres-24-120],[@b68-medscimonitbasicres-24-120]\]. In addition, aging-induced decline in hippocampal serotonin and related detrimental features, such as cognitive decline, have been associated with apoptosis in the hippocampus \[[@b69-medscimonitbasicres-24-120],[@b70-medscimonitbasicres-24-120]\]. Indeed, hippocampal apoptosis was inhibited by enhanced tryptophan intake, which potentially increased serotonin neurotransmission \[[@b70-medscimonitbasicres-24-120]\]. Additionally, aging-induced degenerative processes and associated apoptosis in the brain were inactivated by low-fat diet \[[@b71-medscimonitbasicres-24-120]\]. Furthermore, apoptosis has been suggested to contribute to cardiomyocyte loss that causes myocardial dysfunction in many cardiovascular diseases, including myocardial infarction, and in various types of cardiomyopathy \[[@b72-medscimonitbasicres-24-120]\]. Consistently, our investigation found overexpression of p53 and active caspase-3 ([Figures 2](#f2-medscimonitbasicres-24-120){ref-type="fig"}, [3](#f3-medscimonitbasicres-24-120){ref-type="fig"}) in PD hearts, which mediate apoptosis, consequent to inducing PD.

Conclusions
===========

In summary, cardiac autonomic dysfunction is a non-motor symptom that frequently develops at an early stage of PD in PD patients and in MPTP-treated mice, and it has unmet medical needs. To the best of our knowledge, the present study is the first and earliest preclinical study identifying potential therapeutic targets in cardiovascular autonomic dysfunction. Our findings are the first to indicate a correlation of PD with the underexpression of β-adrenergic receptor and the overexpression of the apoptotic mediators -- p53 and active caspase-3 -- in the cardiac muscle, indicating the occurrence of apoptosis in the heart, potentially promoting the cardiac dysfunction frequently observed in PD. We propose considering the inhibition of p53 and/or active caspase-3 in treating the cardiac dysfunction frequently seen in PD. Additionally, we propose testing the effect of nutrition, such as enhanced phenylalanine and/or tyrosine intake and low-fat diet intake, on the expression of the apoptotic mediators in MPTP-treated mice.
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![Immunohistochemical staining of β-adrenergic receptor in longitudinal 4-μm-thick paraffin-embedded heart sections. (**A**) From control. (**C**) From Parkinson-diseased (PD). Scale bar shown in (**C**) applies to all images in the figure. β-adrenergic receptor immunostaining was very strongly observed in the control hearts. In contrast, β-adrenergic receptor immunoreactivity is weak in hearts from the PD group (such as those at the tips of the arrows). Areas of positive immunostaining of β-adrenergic receptor, shown in brown at the tips of the arrows in control (**A**) and PD (**C**) heart sections, are mapped as pixel areas at the tips of the arrows (**B, D**, respectively). (**E**) β-adrenergic receptor levels decreased significantly in the PD hearts compared to those in the control group (\* P\<0.01).](medscimonitbasicres-24-120-g001){#f1-medscimonitbasicres-24-120}

![Immunohistochemical staining of p53 in longitudinal 4-μm--thick paraffin-embedded heart sections. (**A**) From control. (**B**) From Parkinson-diseased (PD). Scale bar shown in (**A**) applies to all images in the figure. p53 immunostaining was weak in the control hearts. In contrast, p53 immunoreactivity is very strongly observed in hearts from the PD group (at the tip of the arrows). Areas of positive immunostaining of p53, shown in brown at the tips of the arrows in PD heart (**B**), are mapped as pixel areas at the tips of the arrows (**C**). (**D**) p53 levels increased significantly in the PD hearts compared to those in the control group (\* P\<0.01).](medscimonitbasicres-24-120-g002){#f2-medscimonitbasicres-24-120}

![Immunohistochemical staining of active caspase-3 in longitudinal 4-μm--thick paraffin-embedded heart sections. (**A**) From control. (**B**) From Parkinson-diseased (PD). Scale bar shown in (**A**) applies to all images in the figure. Active caspase-3 immunostaining was weak in the control hearts. In contrast, active caspase-3 immunoreactivity is very strongly observed in hearts from the PD group, such as that at the tip of the arrow. Areas of positive immunostaining of active caspase-3, shown in brown in PD hearts (**B**), are mapped as pixel areas, such as that at the tip of the arrow (**C**). (**D**) Active caspase-3 levels increased significantly in the PD hearts compared to those in the control group (\* P\<0.01).](medscimonitbasicres-24-120-g003){#f3-medscimonitbasicres-24-120}
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